Abstract It is difficult to completely degrade wastewater containing refractory pollutants without secondary pollution by biological treatment, as well as physical-chemical process. Therefore, electrochemical technology has attracted much attention for its environmental compatibility, high removal efficiency, and potential cost effectiveness, especially on the industrial wastewater treatment. An effective bibliometric analysis based on the Science Citation Index Core Collection database was conducted to evaluate electrochemical technology for water and wastewater treatment related research from 1994 to 2013. The amount of publications significantly increased in the last two decades. Journal of the Electrochemical Society published the most articles in this field with a top h-index of 90, taking 5.8 % of all, followed by Electrochimica Acta and Journal of Electroanalytical Chemistry. The researchers focused on categories of chemistry, electrochemistry, and materials science. China and Chinese Academy of Sciences were the most productive country and institution, respectively, while the USA, with the most international collaborative articles and highest h-index of 130, was the major collaborator with 15 other countries in top 20 most productive countries. Moreover, based on the analysis of author keywords, title, abstract, and 'KeyWords Plus', a new method named ''word cluster analysis'' was successfully applied to trace the research hotspot. Nowadays, researchers mainly focused on novel anodic electrode, especially on its physiochemical and electrochemical properties.
Introduction
With the world's rapid population growth, the water pollution has become a serious global problem for the indiscriminate discharge of wastewater. Therefore, more efficient and cost-saving wastewater treatment technologies are vital to satisfy the ever-increasing requirements of human beings. Generally, wastewater treatment is carried out by the conventional wastewater treatment process (Grady Jr et al. 2011; Afzal et al. 2011) , such as, physicalchemical methods and biological methods. However, it is difficult to degrade the complex refractory organic pollutant in the wastewater by biological methods. In addition, physical-chemical methods are not always effective due to the unreacted chemicals and sludge treatment (Feng et al. 2003; Afzal et al. 2011) . Nowadays, electrochemical technology, which was applied to water and wastewater treatment, has attracted great attention for its environmental compatibility, high removal efficiency, and potential cost effectiveness. Electrochemical technology including electrocoagulation, electrodeposition, electrooxidation, electrodisinfection, electrofenton, electroflotation, and electrosorption, may be one of the most effective technologies. Among them, electrodisinfection process (Ghernaout and Ghernaout 2010) , which is extremely popular in recent years, has great potential to eliminate and disinfect drinking water, swimming pool water and industrial cooling water. Compared with electrodisinfection, electrofenton was widely applied in the treatment of wastewater containing toxic and nonbiodegradable materials (Jiang and Zhang 2007) . In addition, electroflotation technology was used in the elimination of flocs and suspended sludge of wastewater (Chen et al. 2002; Ge et al. 2004) , while electrosorption technology effectively removed polar molecules or ions from wastewater (Huang and Su 2010) . However, electrocoagulation, electrodeposition and electrooxidation still were the uppermost electrochemical technologies during water and wastewater treatment in the history. Electrooxidation, which was extensively investigated since the late 1970s (Mayeda et al. 1972; Nilsson et al. 1973) , had been used worldwide in various refractory wastewater treatments, such as textile wastewater (Andrade et al. 2007 ), olive mill wastewater (Un et al. 2008) , distillery industry wastewater (Piya-Areetham et al. 2006) , dye-containing wastewater (Valero et al. 2010) , brown-colored molasses wastewater (Canizares et al. 2008) , and coking wastewater (Zhu et al. 2009 ). Recently, researchers have paid more concern on anodic material of electrodes and its electrochemical performance and degradation mechanism (Marselli et al. 2003; Chen 2004; Chang et al. 2009 ). The common electrodes (Gao et al. 1994; Chen 2004; Martinez-Huitle and Ferro 2006; Anglada et al. 2009; Zhu et al. 2009 ), such as, graphite, Pt, PbO 2 , SnO 2, Ti/Pt, Ti/SnO 2 , Ti/PbO 2 , Ti/RuO 2 -TiO 2 , Ti/IrO 2 -TiO 2 , Ti/IrO 2 -RuO 2 -TiO 2 , boron-doped diamond electrode (BDD), Titanium-based boron-doped diamond electrode (BDD/Ti) are usually found in the wastewater treatment field. Moreover, novel anodic material will be the future frontier of electrochemical technology for water and wastewater treatment related research.
Bibliometrics, which gained insight into the development trends of various research fields through a quantitative analysis and statistics, firstly introduced by Pritchard in 1969 (Pritchard 1969 . Science Citation Index Expanded TM , accessed via Web of Science TM Core Collection, was the most important and frequently used source database for an overview of scientific production. Bibliometric methods have been widely applied to assess the scientific outputs of various fields, especially on environmental concerns and energy utilization frontier, such as drinking water (Hu et al. 2010) , nitrate removal (Huang et al. 2012) , sediment (Niu et al. 2014) , solid waste (Fu et al. 2010) , volatile organic compounds (Zhang et al. 2010a) , and materials of lithiumbased batteries (Wagner et al. 2013 ). In addition, research patterns including journals, categories, countries, and institutes, as well as the international cooperation had been broadly applied (Fu et al. 2010 Niu et al. 2014; Tan et al. 2014) . Moreover, h-index, namely the number h of publications with at least h citations, which was introduced by Hirsch in 2005 Hirsch in (2005 , had become a valid indicator on scientific achievement (Hirsch 2007; Ciriminna and Pagliaro 2013; Tan et al. 2014) . In addition, the analysis of author keywords, title, abstract, and 'KeyWords Plus' in different periods also had been used to evaluate the research trend in recent years (Xie et al. 2008; Fu et al. 2010 Fu et al. , 2014 Wang et al. 2013) .
In this study, a comprehensive bibliometric analysis was used to trace and obtain the global trend on electrochemical technology for water and wastewater treatment research from 1994 to 2013. Document types, languages, categories, journals, countries/territories, institutions, and h-index were analyzed to dissect the publication pattern. Further, research tendency and hotspot including the distribution of author keywords, title, abstract, and 'KeyWords Plus' in different periods, and hot issues were also applied. Besides, an effective method named ''word cluster analysis'' (Mao et al. 2010 ) was applied to trace the hotspot of related research field in previous work. The results could provide a basis for comprehensive understanding of global development and serve as a potential guide for future direction of electrochemical technology for water and wastewater treatment related research.
Data sources and methodology
One common method of bibliometric research used to trace publications was using the SCI of the Institute for Scientific Information (ISI). The original information sources were based on the database of the Web of Science Core Collection and the Journal Citation Report (JCR) of 2012 by Thomson Reuters, where we extracted information about scientific output on 7 April, 2014. According to Journal Citation Reports (JCR) of 2012, it indexes 8471 journals with citation references across 176 scientific disciplines. Since 1991, abstract information has been included in the SCI. The topic search can trace the related information in the title, abstract, and keywords at one time.
(electrochemi* or electro-chemi*) and [wastewater or (waste water) or waste-water or water] were used as a search phrase to search topics in SCI for the period from 1994 to 2013. Aspects referring to document type, language, output, subject category, journal, country, institute, source title, abstract keyword, and h-index were all analyzed by Microsoft Excel 2010. The contribution of different countries and institutes were estimated by the location of the affiliation of at least one author of the published papers. Articles that originated from Hong Kong were included under the China heading for analysis. Articles that originated from England, Scotland, Northern Ireland, and Wales were grouped under the UK heading. ''Internationally collaborative publication'' was designated to those articles that were coauthored by researchers from more than one country, where ''independent type'' was assigned if the researchers' addresses were from the same country. The term ''single institute publication'' was assigned if the researchers' addresses were from the same institute. The term ''inter-institutionally collaborative publication'' was assigned if the authors were from different institutes. h-index was defined by the h of Np papers having at least h citations each and the other (Np-h) papers have Bh citations each. The reported IF of each journal was obtained from the 2012 JCR Science Edition.
Results and discussion

Publication pattern
Document type and language of publication
The 29,144 publications related to the electrochemical technology for water and wastewater treatment research identified by the ISI between 1994 and 2013 included 8 document types. Articles were the dominant document type comprising 90 % or 26,330 of the total production. The remaining publications were proceedings papers (1557), review (1048), meeting abstract (77), letter (57), editorial material (25), notes (23), book chapter (15), correction (9), and reprint (3). On average, there were 17 articles per proceedings papers and 25 articles per review.
As articles (26330) were the dominant type of publications, these were analyzed in the following study. For language analysis, 25,551 articles (97 %) were published in English, followed by Chinese (439), Japanese (88), German (43), French (39), Portuguese (36), Spanish (32), Rumanian (31), Russian (21), Polish (21), SerboCroatian (9), Hungarian (6), Czech (4), Korean (4), Italian (3), and only one article each in Turkish, Ukrainian, and Malay, respectively. Obviously, English was by far the dominant language in the journals listed in SCI.
Characteristics of publication outputs
As there are no abstracts in the publications of the SCI before 1991, (electrochemi* or electro-chemi*) and (wastewater or (waste water) or waste-water or water) were used as a search phrase in the title only to obtain a general long-term trend of electrochemical technology for water and wastewater treatment. The earliest research Web of Science TM Core Collection on electrochemical technology for water and wastewater treatment related was published in 1911. Figure 1 shows that the amount of electrochemical technology for water and wastewater treatment research has slowly grown in the long period from 1911 to 1990. The amount of publications goes up significantly in 1991 and rockets during the period since 2013. The electrochemical technology for water and wastewater treatment research has become a hot topic worldwide, because of high rate increase of related literatures and human beings urgent necessary for energy and environment.
During the study period, the cumulative number of articles grew from 461 in 1994 to 26,330 in 2013. A power model and an exponential model described the relationship between the annual cumulative number of articles and the year published for the two periods from 1994 to 2003 and 2003 to 2013, respectively (Fig. 2) . A significant correlation between the number of articles and the year was observed with a high coefficient of determination (R 2 [ 0.998). Both the power and the exponential curve fitting indicated that there was a high growth rate for annual articles. The power and exponential fitting curves for research of electrochemical technology for water and wastewater treatment were found to be: C 1 = 438.17Y 1.19 (R 2 = 0.999) and C 2 = exp(0.13Y ? 7.55) (R 2 = 0.9989), respectively, where C is the cumulative number of articles The number of authors per article increased from 3.3 in 1994 to 4.8 in 2013 and the increasement was 47 %, with a similar increase in the number of references cited per article and the number of institutions per article, and the corresponding increasement was 43 and 33.5 %. The average article length fluctuated slightly, with an overall average length of 7.9 pages. The number of countries per article was stable at 1.2 countries. Of the 26,330 articles, 183 (0.7 %) articles did not include abstracts. Of the 183 articles without abstracts, 71 (38.8 %) articles were published during 2010-2013. Similar to the analysis of articles abstract, 24 (0.1 %) of 26,330 articles did not cite references, and the most common number of references per article was 27 and 30 which were found in 751 articles (2.9 %). Of the 24 articles without references, 9 (38 %) articles were published in 1995. Articles (26,330) were analyzed, including 985 (3.7 %) articles without reprint author information. The most frequent number of authors was three, accounting for 5829 articles (22.1 %). Two to five authors accounted for 19811 articles (75.2 %) and 848 articles (3.2 %) had one author, and the maximum number of authors per article was 31 [which was published on corrosion science named ''effect of the marine environment on reinforced concrete durability in Iberoamerican countries: DURACON project/ CYTED'' (Trocónis De Rincón et al. 2007) ]. The 26,330 articles contained a total of 208,848 pages, and the maximum number of pages per article was 98 [which was a review of the research literature published in 2010 dealing with physico-chemical processes used for water and wastewater treatment (Afzal et al. 2011)] , and the minimum number was one. Six to eight pages (12,212; 46.4 %) were the most frequent number of pages (Table 1) .
Output in subject categories and journals
Articles (26,330) were published in 1790 journals in 106 subject categories in SCI. Among these journals, 1432 (80 %) journals contained less than 10 articles. Top 20 most productive journals (TP [ 240) and their ISI category of journals, and the position of the journal in its category, IF in 2012, h-index and Journal Country are shown in Table 2 .
Both IF and h-index were used to evaluate the articles in a journal. There was a high concentration of electrochemical technology for water and wastewater treatment research publications in these top journals. Table 2 shows the top 20 most productive journals, accounting for appropriately 38 % of the total articles. Journal of the Electrochemical Society with the highest h-index of 90, published the most articles with 1540 articles (5.8 %), followed by Electrochimica Acta (1334; 5.1 %), Journal of Electroanalytical Chemistry (801; 3.0 %), and Journal of Power Sources (554; 2.1 %).The percentage of the top productive journal was not high, which indicates the breadth of article distribution as well as the broad interest in electrochemical technology for water and wastewater treatment research from various research angles. This phenomenon also appears in other environment related research areas, such as Water research (4.2 %) in drinking water (Fu et al. 2013 ), Water research (2.2 %) in nitrate removal research (Huang et al. 2012) , and Marine Pollution Bulletin (8.4 %) in estuary pollution research (Sun et al. 2012a) . Journal of the Electrochemical Society, which remained one of the most-highly cited journals in electrochemistry since 1902, ranked on top in the category of Materials Science, Coatings and Films (17) with an impact factor of 2.588. It is worth mentioning that This result might attribute to the large number of subject categories in our current research. Among the top 20 journals, ten journals are from USA, four from Netherlands, three from the UK (England), two from Switzerland, one from Germany and Serbia, which revealed the dominated status of developed countries in journal country.
Due to the assignment of journals to multiple subject categories, electrochemical technology for water and wastewater treatment research covered 106 Web of Science categories. As illustrated in Fig. 3 , based on the continuous increase in the number of articles of each category, electrochemical technology for water and wastewater treatment research in the six subject categories had steadily increased especially at the beginning of the 21st century. The most common subject category was chemistry, followed distantly by other categories. The other two relatively popular subject categories belonged to the second echelon were electrochemistry and materials science, which had kept a sound momentum. Moreover, the research trend in these two fields was the hotspots in the current study.
Of the 1790 journals publishing the 26,330 articles, 705 (39.4 %) journals contained 1 article, 272 (15.2 %) journals contained two articles, 145 (8.1 %) journals contained 3 articles and 82 (4.6 %) journals contained four articles. Approximately, 5159 (19.6 %) articles were published in 6 core journals, and for comparison, the trends in the six journals with the greatest number of articles are shown in Fig. 4 . The number of articles in Journal of the Electrochemical Society and Electrochimica Acta had slowly increased from 1993 to 1998, and significantly went up in general since 1998, and then fluctuated in recent years. The other four journals concluding Journal of Electroanalytical Chemistry, Journal of Power Sources, International Journal of Hydrogen Energy, and Electroanalysis, which revealed the same growth trend in the research period, rose undulate from 1993 to 2011 and showed a promising development since 2011.
Publication performances: institutes and countries
The contribution of different countries and territories were estimated by the affiliation of at least one author to the Table 2 Top 20 most productive journals (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (10) 66 (2) UK ( 3.548 (13) 37 (17) UK ( publications. Moreover, the publication, number of the countries and territories could reveal the research performance in the related field. Excluding 34 articles without any author address information on the ISI Web of Science, of the 26,296 articles with author address information, published from 1994 to 2013 were analyses. This covered 118 countries/territories, of which 21,556 (82.0 %) were independent articles covering 100 countries/territories and 4740 (18.0 %) were international collaborative articles covering 114 countries/territories. Table 3 shows the top 20 most productive countries for total articles. Number of total, single-country, internationally collaborated articles, the percentage of single-country articles in total articles, the percentage of international collaborative articles in total articles, and the h-index of countries/territories were exhibited in Table 3 . The number of countries involved in electrochemical technology for water and wastewater treatment research increased rapidly. Nine European countries, six Asian countries/territories, four American countries, and one Oceania country were ranked in the top 20 productive countries of articles. The top 20 most productive countries included 80.7 % of the total number of articles. The seven major industrialized countries (G7: Canada, France, Germany, Italy, Japan, the UK, and USA), ranked in the top 11, had 40.7 % over the investigation period. The result indicated that the developed countries hold a dominant position in electrochemical technology for water and wastewater treatment research as this pattern has occurred in most scientific fields (Zhang et al. 2010b; Fu et al. 2010) . Moreover, some developing countries, such as BRIC (China, India, Brazil, and Russia) were also listed as productive countries with 7441 or 23.2 % of total articles. China dominated, ranking first in total articles (4939), independent articles (4231), first authored articles (4640) and corresponding authored articles (4561), and had 2nd h-index of 83. However, China was ranked 19th of the 20 countries on percentage of collaboration with outside authors, while the UK ranked 9th in the number of articles, that had the highest proportion of collaborative articles to total articles. Simultaneously, the UK was ranked 1st with nearly 64 % of international collaborative articles in its total articles. The proportions of internationally collaborated articles to the total outputs of these 20 countries showed significant disparity. Yet, USA with the highest h-index of 130 not only predominantly completed the most collaborative articles (1286), but also was the major collaborator of 15 other countries (Table 3) , which indicated that USA still had unparalleled strength and leadership in the scientific research. In addition, although single-country articles still dominated in the electrochemical technology for water and wastewater treatment research, based on intensifying academic exchanges in the electrochemical technology for water and wastewater treatment study area, international collaboration was popular worldwide in recent years, which had also been a general trend in other fields (Fu et al. 2010; Niu et al. 2014 ). In the current study, the relationship between h-index and the rank order of the 20 most productive countries of articles revealed almost similar trends.
USA had the highest h-index of 130 and six countries had an h-index of 70-85. It is notable that Switzerland was ranked 19th in the number of articles but unexpectedly 10th in h-index and India was ranked 7th in the number of articles but only 11th in h-index. Figure 5 showed that China continuously ranked 1st in the number of articles per year since trends, the numbers of ariticles in USA was also close to China. The other countries followed distantly and showed a similar increasing curve during the research period. At the institution level, 26,296 articles from 8752 institutes in 118 countries, 12,327 (46.9 %) were inter-institutionally collaborative publications, and 13,969 (53.1 %) were independent publications. The percentage of collaboration between institutes was much higher than that between countries (28.9 %). Six institutes in China, four in Japan, two each in USA and France, and one each in Switzerland, Brazil, UK, India, Spain, and Russia, all of which were ranked in the top 20 most productive institutes as shown in Table 4 .
It is worth noting that the Chinese Academy of Sciences with a highest h-index of 55 was the most productive institute for the total articles (796), as well as single institute articles (342), first authored articles (542), and corresponding authored articles (528), while the inter-institutionally collaborative articles (454) ranked 1st. There is a bias for the Chinese Academy of Sciences, as it has many branches in many cities. In this study, the articles of these institutes were regarded as one heading, dividing the articles into branches that would make difference in ranking . With the exception of Chinese Academy of Sciences, University of São Paulo, with 248 articles, (42) 30 (20) TP articles in the study period, R (%) the rank of total articles, SP single-country articles, CP internationally collaborated articles, MC [P] major collaborator (the number of collaborated articles between two countries) Russian Academy of Sciences, with 248 articles, and Pennsylvania State University, with 203 articles, ranked 2nd, 2nd, and 4th, with which the outputs of these three institutes were all above 200. The CNRS, France ranked 6th in the most productive institutes, whereas, ranked 2nd in the number of inter-institutionally collaborated articles. In addition, 6 of the top 20 most productive institutions were from China, the other 14 institutions were scattered in nine countries. 58.7 % of articles produced by the 20 most productive institutions in electrochemical technology for water and wastewater treatment articles were inter-institutionally collaborated. It is obvious that institutions from the same country tended to have higher rates of collaboration, and the major collaborative institutions of these 20 institutions were all from the same country. It is apparent that collaboration plays an ever-growing important role in electrochemical technology for water and wastewater treatment articles. Among the 26,296 articles with address information, 13,969 (53.1 %) were independent articles published by single institution, and the other articles were inter-institutional collaborative works, including both national (28.9 %) and international (18.0 %) collaborations. As seen in Fig. 6 , the number of collaborative articles exceeded the number of independent articles in 2011 and ultimately accounted for 55.7 % of the total articles in 2013. In general, the increasing trend of collaborative articles relative to the total can be partly explained by the fact that the number of institutes and (9) TP articles in the study period, R (%) the rank of total articles, SP Single-institution articles, CP Inner-institution collaborated articles, MC [P] major collaborator (the number of collaborated articles between two institutions) countries engaged in the electrochemical technology for water and wastewater treatment research increased. In collaborative articles, national articles consistently dominated, with an overall average of 61.7 % over the 20 years. The proportion of international articles has recently gradually increased, from 32 % in 1994 to 55.7 % in 2013. We can anticipate that international collaboration will become the major form of collaborative articles in the future.
Research tendency and hotspot
Author keywords
The technique of statistical analysis of author keywords, articles title, article abstract, and keyword plus could be used to identify directions in science, and has proved to be efficient in comprehending and grasping the progress of new frontiers of science. Nowadays, bibliometric analysis of author keywords in different periods was further applied to analyze research trends (Chiu and Ho 2007; Xie et al. 2008) , whereas using author keywords was much more infrequent (Imbelloni 2012) . Excluding 8661 articles without author keywords information on the ISI Web of Science, the other 17,669 articles with author keywords information were analyzed. There were 5764 keywords listed by authors, however, 24,417 (74.18 %) keywords were used only once, 3690 (11.30 %) keywords were used twice, and the large number of once-only author keywords most likely indicated a lack of continuity in research and a wide disparity in research focuses (Chuang et al. 2007 ). Only 1078 (3.3 %) keywords were used more than ten times, which showed that the mainstream research in electrochemical technology for water and wastewater treatment was considered to focus on a small field. Keyword ranking changes in the four 5-year intervals are indicative of changes in the hot fields. The top 30 most frequently used keywords for the study period are listed in Table 5 . With the exception of most frequently used author keyword ''electrochemistry'', which were search words in this study, the three most frequently used keywords were ''Electrochemical Impedance Spectroscopy (EIS)'' (718; 4.1 %), ''Cyclic Voltammetry'' (599; 3.4 %), ''Corrosion''(543; 3.1 %). ''Proton Exchange Membrane Fuel Cells (PEMFC)'' received increased attention with a rise in rankings from 421 to 7 over the 20 years. In addition, ''ionic liquid(s)'' and ''carbon nanotube(s)'' might be new hot topics in the future since both of them did not appear in 1994-1998, but ranked 6th and 8th in 2009-2013, respectively. Ionic liquid(s), which could supply a suitable and stable environment, which draw a great attention on electrode modification (Wadhawan et al. 2000; Rozniecka et al. 2005) , electrolyte solutions (Markevich et al. 2006; de Souza et al. 2007) , and extraction of solvent and metal ions (Wei et al. 2003; Khachatryan et al. 2005) . In previous researches (Munoz-Sandoval 2014), carbon nanotube(s) related literatures had increased enormously and represented a very important material in nanotechnology and nanoscience area.
Most of the top 30 author keywords were related to the following methods: electrochemical oxidation (electrochemical oxidation, electrolysis, electrooxidation, and oxidation) (1014; 5.8 %), oxidants [hydrogen peroxide and hydroxyl radical(s)] (326; 1.8 %), wastewater treatment (wastewater treatment and wastewater) (379; 2.1 %), which are also the most important topics in electrochemical technology for water and wastewater treatment related research. Especially in the contemporary, electrochemical technology, which had promising potential to be developed as a robust, cost-effective and environmental friendly alternative, was universally applied to water and wastewater treatment. Electrocoagulation, electrodeposition, electrooxidation, electrodisinfection, electrofenton, electroflotation, and electrosorption were frequently found in electrochemical technologies. However, during the research, trends on electrochemical technology for water and wastewater treatment, electrocoagulation, electrodeposition and electrooxidation, which were ranked in the top 11 frequently used substantives in author keywords, were the three main electrochemical technologies. Both ''electrocoagulation'' (247; 1.4 %) and ''electrodeposition'' (247; 1.4 %) had an apparent upward movement in their ranks, from 186 and 80 in 1994-1998 to 9 and 11 in 2009-2013 . Electrocoagulation of wastewater using aluminum (Mouedhen et al. 2008; Heidmann and Calmano 2008a) , iron (Heidmann and Calmano 2008b) or the hybrid Al/Fe electrodes (Kobya et al. 2003; Gomes et al. 2007) has been reported by a number of authors. Electrodeposition was not only applied to the removal (Al-Shammari et al. 2004 ) and recycle (Szpyrkowicz et al. 2000) of heavy metal ions from wastewater, but also improved the performance of electrode by cathodic deposition (Habazaki et al. 2002) . Electrooxidation, which was extensively investigated since the late 1970s (Mayeda et al. 1972; Nilsson et al. 1973) , was quickly put into application of industrial wastewater (PiyaAreetham et al. 2006; Andrade et al. 2007; Zhu et al. 2009 ) and refractory organic matters (Rodrigo et al. 2001; Jiang et al. 2010; Choi et al. 2010 ) treatment.
Articles title and articles abstract
The titles containing the information of viewpoint and thought in articles were clearly expressed in front of readers (Baskerville 1904) . In addition, the title, which provided a reasonably detailed picture of an article's theme, could draw great attention and called research enthusiasm of the readers. Recently, distribution of words in article titles of different periods was applied in sedimentrelated trend research in earth science (Niu et al. 2014 ) and methane trend research in anaerobic digestion . In this study, all single words within the title of articles were statistically analyzed. However, the meaning of the single words in titles which sometimes does not make sense were discarded, such as, ''a/an'', ''for'', ''of'', ''the'', ''study'', and ''research''. Articles title ranking changes in the four 5-year intervals are indicative of changes in the hot fields. The top 30 most frequency substantives in articles title used for the study period are listed in Table 6 .
The most frequency substantives used in article titles were ''electrochemistry'' and ''water'', however, which should be ascribed to these words included in search topics of this study. Excluding the above factors, ''Electrode(s)'' which was found in 3638 article titles still might be the hottest topics during the last twenty years. Both ''carbon'' (2075; 7.9 %) and ''cell(s)'' (1846; 7.0 %) related to electrode(s) had an apparent upward progress in their ranks, from 21st and 40th in -1998 to 4th and 5th in 2009 '', ''oxide'', ''treatment'', ''modified'', and ''nanotube(s) '' showed a continuous increasing trend in titles, while the terms ''solution(s)'' showed a decreasing trend. It is worth mentioning that ''Nanotube(s)'' had a notable promotion, the same with ''carbon nanotube(s)'' in author keywords, which did not appear in 1994-1998, but ranked 15th in 2009-2013. Distribution of words in article abstracts of different periods could also be the information of research trend analysis (Zhang et al. 2010a; Fu et al. 2014 ). In the analysis of article abstracts in current study, the words in article abstracts showed that ''electrochemical'', ''electrode(s) TP articles in the study period, R (%) the rank and percentage of the author keywords Appl Water Sci (2017) 7:13-30 23 ''process'', ''hydrogen'', ''acid'', ''oxygen'', ''cyclic'', ''properties'', ''aqueous'', and ''pH'' appeared at least 4,000 times. In all, ''electrode(s)'' still might be one of most popular issue during the electrochemical technology for the wastewater treatment. This result was similar to the preceding analysis in articles title (Zhang et al. 2010a ).
'KeyWords Plus'
'KeyWords Plus', which were different from the author keywords, articles title and articles abstract, were automatically generated by the SCI from an algorithm that extracts key words from all the titles referenced or cited in the documents (Garfield 1990 ). In recent years, 'KeyWords Plus' in different periods have been presented as information of research trends during previous literature (Xie et al. 2008; Fu et al. 2010; Wang et al. 2013; Fu et al. 2014) . 'KeyWords Plus' ranking changes in the four 5-year intervals are indicative of changes in the hot fields. The top 30 most frequently used 'KeyWords Plus' for the study period are listed in Table 7 . The analysis of 'KeyWords Plus' shows that 25,173 'KeyWords Plus' were used in 26,330 articles. The top ten most frequently used 'KeyWords Plus' were ''water (4436; 17.6 %)'', ''electrode(s) (2339; 9.3 %)'', ''oxidation (1923; 7.6 %)'', ''film(s) (1593; 6.3 %)'', ''performance (1230; 4.9 %)'', ''behavior (1211; 4.8 %)'', ''surface(s) (1188; 4.7 %)'', ''aqueous-solution(s) (1092; 4.3 %)'', ''degradation (1090; 4.3 %)'', ''system(s) (1006; 4 %)'', respectively. Some new research areas could also be found. ''Nanoparticles '' was ranked 1990 in 1994-1998, while ranked 10th in 2009-2013 . It is worth mentioning that the TP the number of articles in the study period, % the percentage of the source title notable promotion of ''Nanoparticles'' was similar to ''carbon nanotube(s)'' in author keywords, and ''Nanotube(s)'' in articles title. China was the leading country in nanoscience and nanotechnology research and published more papers per year than USA since 2010 (The word used in the search was ''nano*'' under the ''title'' from 1997 to 2012) (Munoz-Sandoval 2014) . Both ''Waste-Water'' (839; 3.3 %) and ''Removal'' (815; 3.2 %) had an apparent upward movement in their ranks, from 349 h and 125th in 1994-1998 to 9th and 12th in 2009-2013 . However, ''water and wastewater treatment'', ''electrooxidation or electrochemical oxidation'', and ''electrode(s) or titanium dioxide(TIO 2 )'' were present in words in the author keywords, articles title, and 'KeyWords Plus' list, which still might be identified as current electrochemical technology for water and wastewater treatment research hotspots. Some words ''anodic-oxidation'', ''aqueous-solution(s)'', ''behavior'', ''degradation'', ''kinetics'', ''removal'', ''sensor(s)'', ''spectroscopy'', ''thinfilms'', only appeared in the rank of the 'KeyWords Plus' list describing the article's contents with greater variety. The analysis of 'KeyWords Plus' was particularly useful for the analysis and delimitation of a scientific domain, which expanded and refined the perspective of scientific research field.
Hot issues
Based on comprehensive analysis of the distribution of author keywords, title, abstract, and 'KeyWords Plus', researchers could obtain few valuable clues of the potential research hotspots. Moreover, a new method named ''word TP articles in the study period, R (%): the rank and percentage of the author ''KeyWords Plus '' Appl Water Sci (2017) 7:13-30 25 cluster analysis'' (Mao et al. 2010) , which combined the author keywords, article title, and 'KeyWords Plus', had been successfully applied to trace the hotspot of related research field in previous work (Tanaka and Ho 2011; Huang et al. 2012; Fu et al. 2013; Tan et al. 2014) . Therefore, it could comprehensively and accurately identify the overview of the research hotspots through the refinement of synonymic single words and congeneric phrases. Research tendency on electrochemical technology for water and wastewater treatment were extracted and separated into two categories research methods including electrochemical impedance spectroscopy (EIS), Cyclic Voltammetry (CV), and Mass Spectrometry (MS), and research items including electrode(s) and corrosion. In the topic of research methods category, the EIS included the words ''electrochemical impedance spectroscopy (EIS)'', ''electrochemical impedance spectroscopy'' and ''EIS'', CV included the words ''Cyclic Voltammetric'', ''Cyclic Voltammetric'', and ''Cyclic Voltammetric Technique'', and the MS included the words ''Electrochemical MassSpectrometry'', ''Mass-Spectrometry'', ''Mass Spectrometry'', ''Mass Spectrometry (MS)'', ''MS'', and ''the other MS-related Method''. Accordingly, the topic electrode(s) included the words ''electrode'' and ''electrode'', and the topic corrosion included only the word ''corrosion'' on research items. Growth trend of hotpot-related articles during the last 20 years is shown in Fig. 7 . All research related had revealed an escalating trend along with the increase of the total publications. The investigation by word cluster analysis showed that EIS, CV, and MS could be the most commonly studied technique on electrochemical technology for water and wastewater treatment related research. EIS had attained tremendous increase in popularity and dominated the research methods since 2002, when EIS surpassed the research methods of CV and MS. Further, the EIS, which was a mature and well-known technique, had been widely used to analyze the characterization of electrode processes and corrosion performance. During the related researches on electrochemical technology for water and wastewater treatment, EIS mainly applied in the field of corrosion (Liu et al. 2003; Rios et al. 2013) , coatings (Deflorian et al. 1994; Deflorian and Fedrizzi 1999) , and fuel cells (Yi and Van Nguyen 1999; Lin and Van Nguyen 2005) since 1990s. In addition, EIS, which had been shown to be a powerful and useful tool in different scientific areas, was adopted to investigate the hotspot research on microbial fuel cells (MFCs) (He and Mansfeld 2009; Hosseini and Ahadzadeh 2012) . Then, CV, which offered a first view on electrode/electrolyte systems in the potential window of interest, was the most commonly used method in electroanalysis and always combined with other analysis method (e.g., EIS, chronoamperometry, differential pulse voltammetry, square wave voltammetry, scanning electron microscope (SEM), MS and X-ray diffraction); Finally, MS measurements, which were carried out in the gas phase on ionized analytes, were generally applied to analyze the chemical and element. Nowadays, integrated with other techniques, MS had obtained technical and conceptual advances by liquid chromatography mass-spectrometry (LC-MS), gas chromatography mass-spectrometry (GC-MS), electrospray ionization mass-spectrometry (ESI-MS), desorption/ionization mass-spectrometry, capillary electrophoresis-mass spectrometry, Fourier transform ion cyclotron resonance mass spectrometry, time-of-flight mass spectrometry, plasma-mass-spectrometry, trap mass-spectrometry, and differential electrochemical mass spectrometry. These techniques had their own strength and weakness because of the difference of design and performance. Moreover, these analysers could separately analyze specific analysis or put together in tandem to overcome the weakness of each. In addition, it is worth mentioning that the role of MS-based proteomics had been successfully illustrated as an indispensable tool for molecular and cellular biology (Aebersold and Mann 2003) . The related result indicated that the ability of mass spectrometry to precisely identify and quantify complex molecular chemicals could be expected to impact broadly on different scientific areas.
As shown in Fig. 7 , the amount of the research items on corrosion continuously increased from 1994 to 2013, but decreased a little bit in 2012. ''Corrosion'' was one of the most important research directions on electrochemical Fig. 7 Growth trend of hotpot-related articles during the last 20 years (note: research items related articles including electroderelated and corrosion-related articles, research methods related articles including EIS-related, CV-related and MS-related articles, solid symbols in main coordinates, and blank symbols in subcoordinates) technology for water and wastewater treatment, which were mainly focused on pitting corrosion, localized corrosion, atmospheric corrosion, corrosion protection, corrosion resistance, and corrosion inhibition. Pitting corrosion (Frankel 1998 ) which belonged to localized corrosion accelerated the dissolution of metal when the otherwise protective passive film on metal surface was broken down. Moreover, researchers had paid more concern on the effects of alloy composition (Williams et al. 2010) , environment (Jafarian et al. 2008) , potential (Lee et al. 2011) , and temperature ). Atmospheric corrosion which was a new scientific focus on the corrosion process had been studied by engineers for nearly a century. Leygraf and Graedel (2000) firstly comprehensively described the corrosion on structures and materials, and properly used latest scientific tools to prevent or minimize the corrosion damage. Therefore, corrosion protection, corrosion resistance, and corrosion inhibition had appeared in anticorrosion field for the prevention of different metals and alloys, which was achieved by specific coatings or composite films on their surface. Besides, nano-structured surface treatment coatings was widely used in the manufacture of the specific coatings or composite films, such as, tantalum oxide nanoparticle coatings (Shen et al. 2005; Díaz et al. 2013 ), nano-siloxane epoxy coating (Bagherzadeh et al. 2012) , and nano-structured polymeric coatings (Aglan et al. 2007 ). In addition, novel area of corrosion mainly focused on copper corrosion, microbiological corrosion, and CO 2 corrosion in recent years.
Compared with the well growth trend of corrosion, the amount of the research items on electrode(s) fluctuated from 1994 to 2003 and significantly rocketed since 2008, which revealed that the electrode-related research was the hotspot on electrochemical technology for water and wastewater treatment. Recently, researchers (Chen 2004; Anglada et al. 2009; Wang et al. 2010; Sun et al. 2012b) had paid great attention on the removal efficiency in degrading various pollutants on all kinds of electrodes, enhancement of electrochemical stability of anodic material of electrodes, investigation of factors affecting the electrodes performance, and explanation of the mechanisms and kinetics of pollutant degradation. During the anodic materials of common electrode, such as, graphite, carbon fibers, platinum, diamond, gold (Au), aluminum, iron, PbO 2 , SnO 2, TiO 2 , Ti/Pt, Ti/SnO 2 , Ti/PbO 2 , Ti/RuO 2 -TiO 2 , Ti/IrO 2 -TiO 2 , Ti/IrO 2 -RuO 2 -TiO 2 , boron-doped diamond (BDD) electrode, Titanium-based boron-doped diamond electrode (BDD/Ti) were widely used in the wastewater treatment. Among them, graphite, platinum, and the dimensionally stable anodes (DSA Ò ) was identified as the most common insoluble anodes, whereas, revealed a lower oxygen evolution overpotential and durability; Aluminum and iron was usually applied in electrocoagulation, which were effective on the treatment of water and wastewater, respectively. However, PbO 2 , SnO 2 , TiO 2 and diamond electrode seemed to be the potential anode materials with high oxygen evolution overpotentials. Moreover, PbO 2 electrode are relatively cheap and widely used in oxidizing pollutants, but there was some concern for its toxic Pb 2? ions; SnO 2 was always not effective because of its poor electrochemical stability; TiO 2 , combined with ultraviolet technique, was usually used as a photocatalyst in wastewater treatment; Diamond electrode was well known for its high strength, strong hardness, and long durability and usually served as anodic substrates with other metal materials. Nowadays, Titanium or other noble metal-based electrodes including Ti/RuO 2 -TiO 2 , Ti/IrO 2 -TiO 2 , Ti/IrO 2 -RuO 2 -TiO 2 showed high oxygen evolution overpotential and well electrochemical performance, which would be the promising anode materials in industrial application. In addition, BDD/Ti electrode with high oxygen evolution overpotential , which was a new frontier of electrode application, was found to be the most active anodic material for degradation of refractory pollutants. Therefore, the hotspots on electrochemical technology for water and wastewater treatment related research was novel electrode, which owned high oxygen evolution overpotential and good physiochemical and electrochemical properties.
Conclusions
Based on 26,330 electrochemical technologies for water and wastewater treatment related publications dealing with SCI, this bibliometric study provided an overview of research in electrochemical technology for water and wastewater treatment and identified some significant points in the research throughout the investigation period. Electrochemical technology for water and wastewater treatment related researches have significantly increased in the last 20 years. A power model and an exponential model were applied to illustrate the relations between cumulative number of articles and the year. Furthermore, based on the exponential model, it can be calculated that the number of articles in 2018 will be twice than that in 2013. Articles were published in 1790 journals in 106 subject categories. Journal of the Electrochemical Society with a top h-index of 90 published the most articles in this field, taking 5.8 % of all, followed by Electrochimica Acta and Journal of Electroanalytical Chemistry. The researchers focused on categories of chemistry, electrochemistry, and materials science. China and Chinese Academy of Sciences were the most productive country and institution, respectively, while USA, with the most international collaborative articles and highest h-index of 130, was the major collaborator with other 15 countries in top 20 most productive countries. The G7 and BRIC accounted for 40.7 and 23.2 % of the total world production. Word cluster analysis was successfully used to trace the hotspot on electrochemical technology for water and wastewater treatment related research, which showed that the novel anodic electrode with high oxygen evolution overpotential and good physiochemical and electrochemical properties was the hotspot.
